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ABSTRACT: Cyclic imino ether heterocycles are used as ligands in transition metal catalysis, in various 
drugs and as reactive monomers in living cationic ring-opening polymerization (CROP). While five- and 
six-membered cyclic imino ethers, i.e. 2-oxazolines and 4,5-dihydro-1,3-oxazines, have extensively been 
studied in these areas, their seven-membered ring counterparts have remained unexplored. Herein, we 
report the synthesis of 2-phenyl-4,5,6,7-tetrahydro-1,3-oxazepine allowing reassignment of the earlier, 
incorrectly reported 4,5,6,7-tetrahydro-1,3-oxazepines as their N-acylated pyrrolidine isomers. Finally, we 
also report a comparison of the CROP reactivity of a homologous series of cyclic imino ethers with a 2-
carbon, 3-carbon and 4-carbon methylene bridge, revealing a remarkable ring size effect. 
Imino ethers, corresponding to the bonding arrangement R1-N=CR2-O-R3 can be regarded as O-alkyl-
ated versions of the thermodynamically less favorable imidic acid tautomer of an amide moiety. Therefore, 
imino ethers can be considered as ‘spring loaded’ reagents, and their spontaneous rearrangement to form 
a tertiary amide isomer (via a formal 1,3-alkyl shift) is a classical organic reaction with a high thermody-
namic driving force.1 The most studied cyclic imino ethers (CIE) are the 2-oxazolines (4,5-dihydro-1,3-
oxazoles), comprising a five-membered ring. 2-Oxazolines are widely used in asymmetric catalysis as 
chiral ligands, for a broad range of different reactions such as hetero Diels-Alder reactions,2 aldol conden-
sations3 and Michael additions.4 Besides their ability to act as ligands in catalysis, 2-oxazolines can also 
be found as core scaffolds in bioactive molecules ranging from antibacterials,5 antifungals6 to antituber-
culosis agents.7 Furthermore, 2-oxazolines can also be applied as an efficient protective group for carbox-
ylic acids, with a tolerance to harsh (basic) reaction conditions e.g. Grignard and hydrides.8 Finally, 2-
oxazolines can be used as monomers in living cationic ring opening polymerization (CROP).1 
The polymerization behavior of 2-oxazolines can be related to its intrinsic nucleophilic and electrophilic 
properties. Imino ethers are relatively good nucleophiles, and the CROP of 2-oxazolines can be readily 
 
induced by strong alkylating reagents, leading to a highly electrophilic oxazolinium-type cation that con-
stitutes a highly reactive chain end to which subsequent monomers can add, resulting in the controlled 
synthesis of poly(2-alkyl/aryl-2-oxazoline)s (PAOx) and related macromolecules (Scheme 1a).9,10 Due to 
their water-soluble nature, these tertiary amide containing polypeptide-like polymers are actively explored 
for biomedical applications.11–14 CROP of CIEs also serves as a versatile platform to prepare various mac-
romolecular architectures.1,15,16 In contrast to classical ring-opening polymerizations, like those of cyclic 
ethers and esters, the main driving force for the polymerization is not the release of ring strain, but rather 
the concurrent isomerization of the imino ether function to a thermodynamically more stable amide group. 
Therefore, it may be anticipated that the CROP of CIE should be favorable, regardless of monomer ring 
size. Even though the vast majority of studies of CROP of CIEs have focused on 2-oxazolines, the homol-
ogous and relatively ‘strain-free’ 5,6-dihydro-4H-1,3-oxazines (2-DHOx) have also been successfully pol-
ymerized yielding polymers with markedly different properties than those based on the 5-membered ring 
CIEs (Scheme 1a).17–22 
 
Scheme 1. Cationic ring-opening polymerization (CROP) of cyclic imino ethers: A. established pro-
cesses and monomer classes, B. new monomer class reported herein. 
 
To the best of our knowledge, and somewhat unexpectedly, the homologous 4,5,6,7,-tetrahydro-1,3-
oxazepine (2-THOx) monomers nor any of the larger rings sizes have ever been studied for CROP. By 
further increasing the ring-size, resulting in an addition of an extra methylene in the polymer backbone, it 
may be expected that the water solubility and glass transition temperature of the resulting polymers will 
be lower compared to analogous poly(2-oxazoline)s and poly(2-DHOx)s.17 Furthermore, the poly(2-
THOx) may serve as precursor for making linear polybutylenimine. In 1996, Miyamoto et al. reported a 
single example of a related CROP of a seven-membered cyclic carbamimidate,23 leading to a polyurea-
type polymer, indicating the feasibility of such a polymerization also for CIEs monomers. This apparent 
 
hiatus in the literature on CIE CROP may be related to the fact that the synthesis of 2-THOx is also only 
sparingly reported in the literature, and these compounds are thus not readily available as monomers.24–29 
Intrigued by the possibility to introduce a four-carbon linker between the repeating amide units, we set 
out to investigate the polymerization of such seven-membered CIE monomers. A suitable monomer was 
purportedly found in the literature in the form of 2-phenyl-4,5,6,7-tetrahydro-1,3-oxazepine (2-phenyl-2-
THOx) 1, the synthesis of which had been described in four independent literature reports using two dif-
ferent methods (Scheme 2).24–29 
However, the 2-phenyl-2-THOx 1 prepared according to the literature procedure reported by Mollo et 
al.,29 did not have the expected physical and chemical properties, based on our experience with 2-oxa-
zolines and 2-DHOx. The obtained product showed a complete lack of any kind of reactivity in CROP, 
and even any type of alkylation reactivity. Having excluded possible causes and/or contaminations for this 
unexpected lack of reactivity, we rapidly arrived at a critical reassessment of the structure assigned to the 
material we obtained, as its analytical NMR spectroscopic data showed significant discrepancies with 
those typical of 2-DHOx or 2-oxazoline monomers, especially the protons of the methylene groups adja-
cent to the imino ether group in the ring (SI Figures S1 and S2). In fact, the NMR data seemed to be more 
in line with that typical of the resulting CIE polymers, indicating the presence of an amide bonding ar-
rangement (Scheme 2). 
 
Scheme 2. Reported synthesis for the 2-phenyl-4,5,6,7-tetrahydro-1,3-oxazepine 1, and the observed 
benzoylated pyrrolidine outcome (top); Confirmation of revised product assignment via alternative 
synthesis of the proposed amide 2 (bottom). 
 
In order to confirm our reassignment, we prepared the isomeric amide 2 by benzoylation of pyrrolidine, 
and found this material to be indistinguishable to the previously obtained compound, also showing 1H and 
13C NMR data completely consistent with literature data reported for the compound mistakingly assigned 
in literature to the structure of 2-phenyl-2-THOx 1.24–29 A careful analysis, and comparison with their N-
acylated pyrrolidine analogues, of all literature data that was reported for 4,5,6,7-unsubstituted-2-THOx, 
(SI table S1 to table S11) then led us to the remarkable conclusion that the parent heterocyclic structure, 
 
a non-ring fused seven membered CIE, has in fact never been prepared, and that all previously claimed 
reports are based on a misassignment of the (rearranged) amide isomer, i.e. the N-acylated pyrrolidine ring 
system rather than the claimed CIE structure. We speculate that these anomalous cyclizations proceeds 
through an endothermic amide-iminol tautomerization, followed by a rapid intramolecular alkylation (see 
SI for further discussion). 
In order to confirm the above assignment, and in order to achieve our initial goal of investigating the 
CROP of 2-THOx-type monomers, we set out to extend the homologous series of 2-oxazoline and 2-
DHOx type monomers by developing the first synthesis of a 2-THOx monomer (Scheme 3). As the direct 
synthesis of the 2-THOx ring by cyclization is not feasible, we reasoned that the known cyclic carbamate 
3 would be an ideal starting point for our purpose, as 2-oxazepanones are a robust and very well estab-
lished heterocyclic product class.23,30,31 Furthermore, we expected to be able to convert this cyclic carba-
mate into the desired 2-THOx under relatively mild conditions, hopefully preventing thermal and/or 
(Lewis) acid-catalyzed imino ether rearrangement into the more stable amide. Selective O-alkylation of 3 
was achieved using Meerwein’s salt following a procedure reported by Miyamoto et al.23 In a second step, 
also inspired by related chemistry developed by Miyamoto to prepare seven-membered cyclic carbamim-
idates,23 a simple addition/elimination-type reaction with a range of organometallic reagents was explored 
aiming at a substitution of the exocylic ethoxy moiety by a carbon-nucleophile, which would directly 
result in the elusive seven-membered 2-THOx-type monomer. Although simple alkyllithium nucleophiles 
such as n-butyllithium proved to be troublesome in this scheme, the use of aryllithium reagents gave a 
reasonably clean conversion to the desired 2-aryl-2-THOx’s 1, 5a and 5b, which could all be obtained in 
pure form through column chromatography. The monomer 1 was obtained in a moderate, but useful 41% 
yield, and could be scaled to multi-gram scale. Two other 2-(hetero)aryl-2-THOx’s were obtained in sim-
ilar yield on a smaller scale. Compound 1 crystallized upon storage in the freezer, allowing an unambig-
uous structure assignment via X-ray diffraction analysis of a single crystal of this compound (Scheme 3). 
In addition, the crystal structures of 2-THOx’s 5a and 5b were also determined (see SI).  
 
Scheme 3. Synthesis of 2-aryl-4,5,6,7-tetrahydro-1,3-oxazepines and molecular structure of 1 as de-




Having established the first synthetic entry to a 4,5,6,7-unsubstituted-2-tetrahydrooxazepine, suitable 
for CROP, we next examined the polymerization behavior of this novel CIE monomer and compared it 
with 2-phenyl-2-oxazoline 6 and 2-phenyl-2-DHOx 7. Because of the relative dearth of material, the 
polymerization was monitored by high temperature (120 oC) on-line 1H NMR analysis in a concentrated 
solution in chlorobenzene, a solvent expected to be able to dissolve all three monomers and their respective 
polymers. As initiator, methyl tosylate was added in a 1:100 ratio with respect to the monomer, which 
would result in a DP of 100 at full conversion. The propagation rate constant (kp) determined for 6 from 
kinetic experiments in chlorobenzene and in d3-acetonitrile are very similar, allowing a reference to the 
literature data that mainly uses this solvent. Note that the decrease in polymerization rate of 6 at high 
conversion in d3-acetonitrile can be ascribed to the high viscosity of the obtained polymer solution leading 
to diffusion limited monomer addition. As expected based on previous reports,19 the homologous mono-
mer 7 of the 2-DHOx-type showed a considerably slower propagation with a kp that is almost 10 times 
lower than that of the 2-oxazoline 6. For the new monomer 1, however, the polymerization proved ex-
ceedingly slow at 120 oC, and had to be monitored over the course of several days. Nevertheless, by 
plotting the relative integrations of the well-resolved resonances for the monomer and the poly(2-THOx) 
oligomers, we could determine a kp-value of 1.27 x 10
-5 mol L-1.s-1, which is 540 times slower than the 2-
oxazoline monomer 6, and 60 times slower that the 2-DHOx monomer 7 under the same conditions. After 
termination with 1 mol/L KOH solution in methanol, we analyzed the reaction mixture by MALDI TOF-
MS, showing the expected oligo(2-THOx) distribution with a maximum intensity peak corresponding to 
a DP of 7 and 8, in line with the observed monomer conversion in the final 1H NMR spectra (i.e. 7.6% 
monomer conversion, see SI figure S14). Furthermore, the parent ion could be detected in MALDI-TOF 
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Figure 1. Structures, reactive chain end conformations, and kinetic plots for polymerization of the homol-
ogous series of monomers 6, 7 and 1. Reactions were performed in chlorobenzene at 2 mol/L monomer 
concentration with methyl tosylate as initiator heated in the NMR spectrometer to 120°C (DP = 100). The 
exact polymerization conditions can be found in the SI (5). 2-phenyl-2-oxazoline (PhOx) 6, 2-phenyl-2-
dihydrooxazine (PhDHOx) 7 and 2-phenyl-2-tetrahydrooxazepine (PhTHOx) 1. All kp’s are given in L 
mol-1 s-1. 
The difference in reactivity between 2-oxazolines and 2-DHOx’s is usually explained by the increased 
steric demand in the SN2-type cationic transition state,
19 related to the ground state ‘sofa’ or envelope-type 
conformation of a 2-oxazine ring (Figure 1a). As the additional steric demand of another methylene inser-
tion is expected to be small, the markedly slower polymerization rate of 2-phenyl-2-THOx 1 is surprising. 
However, an analysis of the ground state conformation of 1, as observed in the X-ray structure (see Scheme 
3 and Figure 1), revealed a striking stereo-electronic difference of the imino ether moiety in the 2-THOx, 
which is significantly deplanarized around the oxygen atom attached to the electrophilic carbon atom 
(torsion angle of 67° around the O to C=N sigma bond). In both the 2-oxazoline and 2-oxazine-type ground 
states, the imino ether moiety is much more planar (torsion angles of 0° and 30° respectively). Importantly, 
only a planar conformation readily allows resonance bonding between the oxygen lone pairs and the elec-
tron withdrawing imino function, as would be required for facile expulsion of the amide leaving group in 
its energetically favored planar configuration. In other words, in order to reach the cationic transition state, 
a planarization around the imino ether is required to efficiently transfer electron density from the oxygen 
to the iminium cation, which will induce additional ring strain in the reactive conformation of 2-THOx’s, 
thus raising the overall barrier for propagation via a classical stereo-electronic effect.32–34 Based on the 
micro-reversibility principle, the same stereo electronic effect can be used to explain the disfavored seven-
membered ring closure from hydroxy amides in the previous attempts at synthesizing this heterocyclic 
ring, which were shown in this work to be unfeasible reaction pathways (see Scheme 2). 
 
 
In conclusion, we demonstrate the first synthesis of seven-membered 2-THOx leading to the structural 
reassignment of all previously reported non-fused seven-membered 2-THOx CIEs, which were demon-
strated to be the N-acylated pyrrolidines instead, misassigned as imino ether isomers.24–29 Moreover, we 
have also investigated the CROP of 2-THOx, and found a significant retardation in the seven-membered 
CIE polymerization, attributed to a non-coplanar arrangement of the imino ether moiety in this strained 
unsaturated ring system. Our work opens up the possibility for the exploration of 2-THOx both in asym-
metric ligand, drug development and in monomer design. 
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